Elevated concentrations of the radium isotopes 224,226,228 Ra exist in the scale and produced water in oil exploration. The activity concentration of 226 Ra was calculated from 186.2 keV peak with no usual spectral interference of 185.7 from 235 U. The activity concentration of 228 Ra was calculated from its first daughter product 228 Ac using the 911.2 keV gamma rays since it is a pure beta emitter. The activity concentration of 224 Ra was calculated from 212 Pb using the 238.6 keV gamma-ray and the secular equilibrium equation with 228 Ra. The IAEA 448 (oil contaminated field soil) reference material was used as a quality control for 226,228 Ra and but was unreliable for 224 Ra using 212 Pb.
Introduction
Determination of natural radioactivity in naturally occurring radioactive material resulting from the 232 Th and 238 U-series is of significant importance for evaluating the radiological impact of non-nuclear industrial activities such as burning fossil fuel, oil and gas industry, metals mining etc. There are several studies that focus on measurement of radium isotopes in scale and sludge wastes originated from oil and gas industrial processes. Perhaps one of the first discoveries of radioactivity in oil dates back to 1904 [1] where Burton at the University of Toronto (Canada), just a short 8 years after its discovery by Becquerel in 1896 in Paris. Burton discussed the presence of a highly radioactive gas obtained from crude petroleum. In 1904 McLennan [2] also at the University of Toronto presented results of the radioactivity of mineral oils and natural gases. Interestingly these reported samples were from Ontario, Canada oil and gas fields. While the existence of radioactivity of oil has been known for a long time, it was not till the early 1990's [3, 4] that many papers and reports were published on well characterized activity levels in different oil and gases. By the early 2000's and beyond a multitude of papers were published from many oil producing nations [5] [6] [7] [8] [9] [10] [11] . Previous work by Shawky et al. [12] has reported that 226 Ra, 224 Ra, and 228 Ra are regarded as "unsupported radionuclides" in the oil and gas industry because these radionuclides are released from the oil and water mixture. In our laboratory we have also characterized 226, 228 Ra in oil scale samples for disequilibrium [13] , gamma-ray self-attenuation [14] and quality control [15] . Over the years we have tried to attain highly accurate measurements for 226, 228 Ra and more recently 224 Ra in oil scale samples. This has proven to be a challenge since there are almost no reference materials for these radionuclides in oil products and typical assumptions of equilibrium do not apply resulting in wrong activity calculations. The main goal of this work was to accentuate the improvement of the analytical quality of 224, 226, 228 Ra radioactivity levels in oil scale samples. It should be noted that reliable results are needed to prevent exposure to high activity levels of these isotopes.
Experimental
A certified 152 Eu standard point source (Analytics) with a percentage uncertainty of 3%, an IAEA 448 reference material (soil from a contaminated oil field) 20-g sample with 3.4% moisture content, a certified reference soil (Eckert and Ziegler), and a 20-g west Texas oil scale sample were used for these experiments. Each sample weighing 20 g was prepared in a Petri TM dish and heat sealed. The efficiency curve was done using the 152 Eu standard with a 30% an E&G ORTEC HPGe detector with a 2.1 keV full width half-maximum (FHWM) resolution of the 1332.2 keV belonging to 60 Co on top of a 10 cm hollow cylinder. The 10 cm distance was chosen to minimize any coincidence and summing effects. The 152 Eu standard was counted for 3 h and the gamma ray energies: 121.8, 244.7, 344.3, 411.1, 867.4, 964.0, 1085.8, and 1112.1 keV were used to fit the efficiency curve as shown in Fig. 1 . The self-attenuation models [14] were determined using three different orientations: a 152 Eu point source on top of an empty Petri™ dish, a 152 Eu point source on top of the samples, and the samples alone. Using the same gamma energies as used in the efficiency curve, a logarithmic model was applied to determine the attenuation factor. The equation used is: % unattenuated = A + B Log x where A and B are fitting parameters and x is the energy. A and B vary depending on the sample. Activity concentrations of the IAEA 448 were determined using the comparative method with the Eckert and Ziegler as the comparator [15] . Using attenuation factors, the specific activity concentrations for the 226 Ra, 228 Ac, and 212 Pb gamma rays were determined for all the samples. The efficiency curve was then used to measure the west Texas oil scale sample. With the branching ratios for the 226 Ra, 228 Ac, and 212 Pb gamma rays provided by the known database (www.nndc.bnl.gov) the activity concentrations were determined. Then with the selfattenuation factors, the unattenuated activity concentration values were determined and compared with the results using the comparative method.
Two certified 137 Cs sources were used to verify the accuracy of the efficiency curve as shown in Table 1 . As can be seen the calculated values are in very good agreement.
The self-attenuation model as shown in Fig. 2 was produced in Mathematica. The percent attenuation of multiple gamma energies provided by the 152 Eu standard point source was used as the basis for a logarithmic fit. The sample that attenuated the most was the west Texas scale, as expected. Oil scale is plentiful in high Z-number elements such as barium and strontium.
The IAEA-448, and "Eckert and Ziegler" showed similar trends. As seen in Table 2 , the gamma rays produced by the decay of 226 Ra and 224 Ra are attenuated significantly When analyzing the 212 Pb peak, which has a gamma ray energy of 238.6 keV, there is an overlapping peak at 240.9 keV gamma ray belonging to 224 Ra. The Canberra Genie 2000 peak fitting program was used to determine the areas of these two photopeaks as shown in Fig. 3 .
Results
The activity concentrations of 224 Ra, 226 Ra, and 228 Ra in the west Texas oil scale were determined with agreeable results (Table 3 ) when using the IAEA-448 soil reference and then verified using the efficiency curve. These results include the comparison between the IAEA-448 and "Eckert and Ziegler" reference material. Methods used to verify these results include the comparison between the activity concentration and efficiency curve, and the transient equilibrium established between the 224 Ra and 228 Ra (Fig. 4) . The ratio between the values 228 Ra and 224 Ra should approximately be 1:1.5 as shown by the transient equilibrium Eqs. 1 and 2 where λ 1 and λ 2 are the decay constants of 228 Ra and 228 Th and A 1 and A 2 are their activities. All the statistical and activity uncertainties from the reference materials were propagated in the usual way. 224 Ra activity in the IAEA 448 (column 2) was determined using the transient ratio while the 224 Ra in the reference material (column 3) was determined using both the transient ratio (801 Bq/kg) and the given 212 Pb concentration in the IAEA 448 information sheet. Subsequently, the "Eckert and Ziegler" activity concentrations were calculated using the IAEA-448 as the reference material ( Table 4 ). The activity concentrations are agreeable when using the IAEA-448 or "Ecker and Ziegler" as a comparator, however, the 224 Ra gamma rays cannot be determined in the "Eckert and Ziegler" since there is no recorded 224 Ra value for this reference material. The west Texas oil scale activity concentration was then calculated using the IAEA 448 and "Eckert and Ziegler" as the reference materials. When using the comparative method, the self-attenuation factor becomes the ratio of the two attenuation factors in the samples. As seen in Table 5 , the activity concentration between the 228 Ra and 224 Ra share an approximate ratio of 1:1.5. Since the west Texas oil scale is not a verified reference material, further verification was required. The calculated value using the efficiency curve is also given in the last column.
The activity concentrations from 226 Ra and 228 Ra determined using the efficiency are in excellent agreement with the results from the comparative method. This only deviation in activity concentrations are the two calculated values for the 226 Ra. This could be attributed to the uncertainty in selfattenuation factor at the lower energies in the scale sample.
Conclusion
We have concluded that the activity concentration of samples containing high-Z material can be determined using a self-attenuation model and certified materials. We have determined the specific activity concentration of 226 Ra, 228 Ra, and 224 Ra in a west Texas oil scale sample. The selfattenuation factors of radium were shown to be significant, and its exclusion will lead to under estimations of activity concentrations. Gamma rays above 600 keV, have a negligible attenuation factor. We have shown that 224 Ra can be evaluated as 1.5 times the 228 Ra concentration according to the secular equilibrium equation as seen in the transient equilibrium between 228 Ra and 224 Ra or using the 212 Pb concentration being in equilibrium. However, a good peak fitting program is needed to separate photopeak of 238.6 keV belonging to 212 Pb and the 240.9 keV photopeak belonging to 224 Ra.
